Abstract: Angular precision of 0.1°for the blaze angle of echelle gratings is an important technical requirement for spectral instruments with echelle gratings. This paper proposes a precise adjustment method for the blaze angle of echelle gratings that are etched or deposited by self-shadowing rotating mask. The blaze angle will decrease or increase when the grating is rotated in beams for etching or deposition, respectively. The blaze angle can be controlled by adjusting the etching or deposition conditions. For the echelle grating with nominal blaze angle of 63.0°and groove density of 52.7 g/mm, the blaze angle was decreased by 0.12°with a maximum etching depth of 19 nm on the blaze facet. Additionally, the blaze angle adjustment precision will be better than 0.02°if the maximum etch depth on the blaze facet is less than 3 nm.
Introduction
Professor Harrison at MIT first proposed the concept of echelle grating in the 1940s, and then carried out detailed research on its working principle, manufacture and performance in the following three decades [1] - [4] . Since the 1970s, spectrographs with echelle gratings have been studied and applied to spectrum detection in astronomical field [5] - [8] . With increasing manufacturing capabilities for both the gratings and the related detectors, echelle gratings began to be used widely in a variety of fields, particularly in high-resolution spectrographs. An echelle spectrograph is composed of a major dispersive element of echelle grating and a cross-dispersive element of prism or grating that is used to form a two-dimensional spectral image in the focal plane. The echelle spectrograph has many advantages, including high resolution, high measurement speeds and a compact structure. Jaffe et al. had fabricated and tested chemically micromachined silicon echelle gratings and grisms for infrared astronomy [9] - [12] . For wavelength division multiplexing (WDM) in telecommunications, echelle grating has been an excellent demultiplexer [13] - [18] . , the echelle grating facets are totally exposed to the beam for etching or deposition. As the rotation position changes from (a) to (b), the degree of etching or deposition will vary along the blaze facet from top to bottom.
As the core element of the echelle spectrograph, a high spectral quality echelle grating requires an excellent diffraction wavefront, high diffraction efficiency over a wide wavelength range and high blazed angle precision [19] - [26] . Worldwide, Newport Corporation currently provides very high quality echelle gratings with the most complete grating parameters [27] and these gratings are widely used in various types of grating spectrograph.
If the echelle grating's blaze angle deviates from the designed value, the actual center wavelength then also deviates from the designed center wavelength under the same usage conditions. Angular precision of 0.1°for the blaze angle is an important technical requirement for the spectral instruments using echelle gratings [28] , [29] . However, difficulties in adjusting the blazed angle of echelle gratings mainly originate from elastic deformation of the metal films used during the ruling process. The corresponding angular precision available for the blaze facet is approximately 0.5°, which is much larger than the precision required for echelle-based spectral instruments [30] - [33] . This paper proposes a new high-precision adjustment method for the blaze angles of echelle gratings that are etched or deposited by self-shadowing rotating mask (SSRM).
Scheme of Adjustment for Blaze Angle
The shadowing effect exists when a microstructure is exposed to the beam for etching or deposition from a special direction [34] . We propose the idea that the blaze angle of an echelle grating will decrease or increase when the grating is rotated within the beam that is used for etching or deposition, respectively. The basic principle of precise adjustment of the echelle grating's blaze angle using the SSRM is shown in Fig. 1 . We assume that the echelle grating has a blaze angle of θ b and an apex angle of 90°. However, the blaze angle θ b deviates from the desired value of θ 0 because of the limitations of the fabrication process. Therefore, the blaze facet should be etched using the SSRM at an angle of (θ b − θ 0 ) if θ b is larger than θ 0 or should be deposited via the SSRM at an angle of
The echelle grating is placed on a rotating platform and the rotational axis is oriented parallel to the grating line. The direction of the beam that is used for etching or deposition is vertical to the grating line. Fig. 1(a) shows that the blaze facets are shadowed completely by the neighboring grooves if the included angle between the direction of the adjusting beam and the grating plane is zero, and thus the blaze angle θ b will not be changed by beams for etching or deposition. In Fig. 1(b) , when the echelle grating is rotated such that the included angle between the direction of the adjusting beam and the grating plane is equal to (90
• − θ b ), the blaze facets are now totally exposed to beams for etching or deposition. As the rotating position changes from Fig. 1(a) to (b), the amount of etching or deposition that occurs will vary along the blaze facet in the direction from top to bottom. The maximum amount of etching or deposition that occurs on the blaze facet corresponds to the amount of variation of the blaze angle.
Blaze Facet Etched by SSRM
The echelle grating studied in this paper was ruled on aluminum film with a density of 52.7 g/mm and a nominal blaze angle of 63.0°. Because of the limited experimental conditions available in our laboratory, in which we have no equipment that can provide a deposition beam with suitably high collimation, deposition experiments on the blaze facet have not been carried out to date.
An ion beam etching machine was used to etch the echelle grating's blaze facets using the SSRM. The radio-frequency (RF) ion beam source has a rectangular area of 220 mm × 60 mm and has inhomogeneity of less than 2%. The etching experiments all used the same parameters for ion beam etching, with beam voltage of 500 eV, beam current of 80 mA and argon gas flow rate of 10 sccm. The typical angular velocity of the rotating platform is 1.8°/s. One typical rotating cycle of etching is defined as the period in which the platform rotates from the position of Fig. 1(a) to that of Fig. 1(b) and then rotates back to the original position.
To simulate the etching on the blaze facet using the SSRM, two plane samples were used to form one macroscopic groove of an echelle grating with a nominal blaze angle of 63.0°, as shown in Fig. 2(a) . A 30-mm-long plane sample with 500-nm-thick aluminum film was set as the blaze facet and another plane substrate was set as the antiblaze facet. Using the experimental condition described above, the aluminum plane sample was etched 12 times using the SSRM. The 30-mmlong plane sample was partially covered to form steps along the height direction. The steps at seven positions ranging from 0 mm to 30 mm were measured by a surface profiler (XP-1, AMBIOS). Fig. 2(b) shows the linear relationship between the depth of etching and the position on the blaze facet. The maximum aluminum etching rate that occurred at the 30 mm position at the top of the blaze facet was 38.8 nm/min. We also obtained the result where the echelle grating's blaze angle was reduced by 0.12°with maximum etching of 19 nm (when etched in one typical rotating cycle time) at the top of the blaze facet. 
Measurement and Discussion
The echelle grating with nominal blaze angle of 63.0°was etched by SSRM over a number of rotating cycle periods. The ion beam etching parameters were beam voltage of 500 eV, beam current of 80 mA and argon gas flow rate of 10 sccm. The typical angular velocity of the rotating platform is 1.8°/s. The echelle grating was measured after it was etched five times, nine times, 12 times, 14 times and 17 times. Fig. 3 shows the quasi-Littrow mode used to measure the intensities of the echelle grating's diffracted orders after etching by SSRM. Different blaze angles affect the intensity distributions of the diffracted orders, and thus the variation of maximum intensity in the diffracted orders corresponds to the variation of the blaze angle. According to the grating equation
where m is the diffracted order; λ is the wavelength of the laser beam used for the measurements; d is the period of the echelle grating, which is equal to the reciprocal of echelle grating's groove density; θ i is the angle of incidence of the laser beam; θ d is the diffracted angle; and γ is half of the included angle of the incident light beam and the diffracted light beam in Littrow mode (θ i = θ d ). The echelle grating was placed on a calibrated turntable such that the grating lines were perpendicular to the horizontal plane. The laser beam was then diffracted by the echelle grating and the diffracted orders were projected on the screen. The intensities of these diffracted orders were measured by a movable detector. The distance w between the echelle and the laser was approximately 1000 mm and the distance h between the detector and the laser was approximately 20 mm. Under these conditions, the angle γ was 0.57°, which is sufficiently small to allow the installation to meet the requirements of the quasi-Littrow mode. Three lasers, comprising a He-Cd laser (325.0 nm), a semiconductor laser (405.3 nm) and a He-Ne laser (632.8 nm), were used to measure the intensity distributions of the diffracted orders. The polarization of laser we used was paralleled to the grating lines during the measurement. Echelle grating is insensitive to polarization of incident light, and the scalar theory can be applied to simulate diffraction efficiency. Diagrams in the same columns in Fig. 4 show the intensities of the diffracted orders when measured at the same laser wavelength and the three diagrams in each row are the intensities of the diffracted orders after the blaze facets were etched for the same number Fig. 4 . Intensity distributions of the diffracted orders after the surface was etched for various numbers of cycles as measured using the three wavelengths of a He-Cd laser (325.0 nm), a semiconductor laser (405.3 nm) and a He-Ne laser (632.8 nm). Diagrams in the same column show the intensities of the diffracted orders that were measured using the same laser wavelength and the three diagrams in each row are the intensities of the diffracted orders after ion beam etching had been performed the same number of times. of times. All the intensities of the diffracted orders were normalized with respect to the maximum intensity of the central order. Fig. 4 shows that the central order at the wavelength of 325.0 nm changes gradually from the 104th order to the 103rd order with increasing numbers of rotating cycle times. At the wavelength of 405.3 nm, the central order changed from the 83rd order to the 82nd order. Meanwhile, the diffracted order of 53 changed to the order of 52 at the wavelength of 632.8 nm. In addition, the changes in the orders occur more quickly at shorter wavelengths than at longer wavelengths. Comparing the first and the sixth diagrams in Fig. 4(c) , the intensity distributions of the diffracted orders at the wavelength of 632.8 nm were almost the same, so it was concluded that the central order changes to a lower order by one order after 17 etching times. If the central order changes from the 53rd order to the 52nd order and the blaze angle will decrease by 2.1°for a change of one order.
Engman and Lindblom [23] presented a model for the blaze function of echelle gratings for in-plane mountings. It has also been shown that by measuring the angles of incidence and diffraction for the power minima of diffracted orders, the blaze angle can be determined. Using the above method, the blaze angle of echelle grating with nominal blaze angle of 63.0°before etching was measured and fitted as 62.4°. After 17 etching times, the blaze angle was varied to 60.3°and the angular variation amount was coincident with the value mentioned above. There was a measurement error of ±0.08°of incident angle detecting the power minima of diffracted orders, so the error of fitted blaze angle could be ±0.04°.
Therefore, the blaze angle decreased by 0.12°with a maximum etching depth of 19 nm on the blaze facet after one rotating cycle period. Similarly, the change in the blaze angle after etching for one cycle time is also approximately 0.12°at the wavelengths of 325.0 nm and 405.3 nm. Furthermore, if the maximum etching amount on the blaze facet is less than 3 nm by controlling etching time and beam current during ion beam etching, the precision for adjustment of the blaze angle will be less than 0.02°. For example, we can increase rotating angular velocity from 1.8°/s to 10.8°/s, so the etching time can be decreased to one-sixth of one typical etching cycle. As a result, the etching depth will be about 3nm and the change of blaze angle will be about 0.02°.
The proposed adjustment methods include the two cases of etching and deposition, so we intend to set up a precision instrument with a highly-collimated deposition beam to explore the evolution law of the echelle's blaze angle during deposition using the SSRM in the future. Using a combination of the methods of etching and deposition with the SSRM on the blaze facet or the anti-blaze facet, the apex angle of the echelle grating can be fixed at a constant value. The proposed technique can be used to ensure the consistency of the blaze angle of echelle gratings and further enhance the reliability of echelle spectrometers.
Conclusion
We have proposed a precise adjustment method for the blaze angle of echelle gratings that have been etched or deposited by self-shadowing rotating mask. The blaze angle of echelle grating will decrease or increase when the grating is rotated in the beam for etching or deposition, respectively. The resulting ability to adjust the echelle grating's blaze angle can be controlled by adjusting the etching or deposition conditions. For the echelle grating with nominal blaze angle of 63.0°and groove density of 52.7 g/mm, the blaze angle was decreased by 0.12°with a maximum etching depth of 19 nm on the blaze facet. Additionally, the precision for adjustment of the blaze angle will be better than 0.02°if the maximum etching depth on the blaze facet is less than 3 nm.
